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Chapter 1: General Introduction 
The discovery of metallic electronic conductivity in doped polyacetylene by Heeger, MacDiamid and 
Shirakawa in the late 1970s has generated entirely a new scientific field of research on conducting polymers. 
Conducting polymers, also referred to as conjugated polymers (CPs), are organic macromolecules consisting 
of alternating double- and single-bonds along the main chain. In addition to the excellent processability, CPs 
also exhibit interesting and useful optical, magnetic and electronic properties benefited from their 
delocalized π-electrons. As a result, research field of CPs has undergone a 
rapid growth in the past two decades and CPs have become a promising 
candidate as materials used in various organic electronics and optoelectronics, 
such as organic light-emitting diode (OLED), organic field-effect transistor 
(OFET), photovoltaic, organic sensors etc. Among CPs, polythiophenes 
(Scheme 1) have displayed the most unique properties by virtue of its 
efficient conjugation length, high chemical stability, and incredible synthetic versatility.[1]  
As is well known, the structure of CPs plays a dominant role in determining their physical properties, 
and thus affects the performance of organic devices. Therefore, it is essential to clarify the relationship 
between structures and properties. To this end, we have focused on structural parameters of polythiophenes 
such as dihedral angle, dielectric constant, and regioregularity and established rational molecular design to 
investigate the structure-property relationships. In this thesis, a series of thiophene-based conjugated 
polymers were described: (1) twisted poly(3-substituted thiophene)s; (2) picket-fence polythiophenes; and 
(3) self-threading polythiophenes. Upon extensive characterization of the physical and electrical properties 
of these unique polymers, the structure-properties relationships were clearly demonstrated. Our study on 
thiophene-based materials not only improves the understanding on the nature of charge carriers, but also 
paves the way to new molecular design around polythiophene backbone for device application. 
 
Scheme 1. Structure of 
unsubstituted polythiophene 
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Chapter 2. Twisting Poly(3-substituted thiophene)s: Cyclopolymerization of Gemini Thiophene 
Monomers through Catalyst-Transfer Polycondensation 
Polythiophenes are important class of materials in the field of organic electronics. The molecular 
structures of polythiophenes play a critical role in determining device performance; therefore, tremendous 
effort has been devoted to controlling regioregularity, molecular weight, and polydispersity. In this chapter, 
we demonstrate a new approach to control another structural 
parameter, specifically, the dihedral angle. To achieve this, 
we exploited the unique polymerization mechanism of 
cyclopolymerization (Scheme 2b): an alternating 
intramolecular-intermolecular chain propagation that 
produces a series of cyclic molecules along the polythiophene 
chain.[2] We designed gemini thiophene monomers (GMms, 
shown in Scheme 2c), in which two thiophene monomers are 
tethered by an alkylene strap, and processed the monomers 
using the catalyst-transfer polycondensation (CTP) method.[3] 
To the best of our knowledge, this is the first attempt of 
polythiophene synthesis through cyclopolymerization. 
Under the diluted conditions (6 mM), CPms (m = 4, 6 
and 8) were obtained as soluble polymers through 
cyclopolymerization. 1H-NMR spectra of CPms were rather 
complicated to interpret, but all the CPms showed similar spectra to each other. The integral ratios of the 
aromatic peaks (6.5–7.5 ppm) to that of the OCH2 peak in the straps (around 3.9 ppm) were in agreement 
with the expected ratio (10H:4H). In order to characterize the structure of CPms, reference polymer P8 
(Figure 1a) was synthesized. 13C-NMR measurement and its distortionless enhancement by polarization 
transfer (DEPT) experiments were applied. As showed in Figure 1, five tertiary carbons are observed in P8 
as anticipated, while CP8 showed one additional tertiary carbon at 126.24 ppm. Taking the ring-current 
effect by the anisole moiety into account, we attributed the new peak to the tertiary carbon of thiophene that 
locates inside the macrocycle. 
To further corroborate the cyclic structure, we designed and synthesized GM6′ in which the strap 
contains an olefin (Figure 2a). Through ring-opening cross metathesis reaction, the NMR spectra 
significantly changed.  As shown in Figure 2b,c, the 1H-NMR spectrum became sharper, suggesting that 
conformational restriction was released. The peak of tertiary carbon at 126 ppm, which is characteristic of 
 
Scheme 2. (a) Structures of CPms. (b) Proposed 
cyclopolymerization mechanism based on CTP. (c) 
Cyclopolymerization of GMms. 
 
Figure 1. (a) Structures of P8 and CP8. 13C-NMR spectra of (b) 
P8 and (c) CP8, and 13C-NMR DEPT spectra of (d) P8 and (e) 
CP8. 
 
Figure 2. (a) Ring-opening cross-metathesis reaction of CP6′ 
with butyl acrylate. (b,c) 1H- and (d,e) 13C-NMR of CP6′(a,d) 
before and (c,e) after the metathesis reaction 
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the cyclic structure, disappeared after the metathesis reaction (Figure 2d,e). These results indirectly evidence 
the proposed structure of the cyclopolymers. 
Figure 3a compares absorption spectra of CPms. Interestingly, absorption maxima gradually 
blue-shifted as the strap length increased (figure 3a,b). 
Although the peak shift was not significant, we also 
observed a similar tendency in the fluorescence spectra. To 
gain an insight into the structure-property relationship, we 
performed DFT calculations (B3LYP/6-31+G(d,p)) for the 
repeating units of CPm: cyclized bithiophenes (CBTms). 
As showed in Figure 3c, with increasing the strap length, 
the dihedral angle was found to become larger. In 
conclusion, we presented a proof-of-concept example of the 
synthesis of polythiophene through cyclopolymerization. To 
date, structural parameters such as regioregularity, 
molecular weight, and polydispersity have been controlled 
using CTP method. We demonstrated that another important structural parameter, the dihedral angle, can also 
be dictated by monomer design. As a consequence, photophysical properties of polythiophene could be 
modulated.  
  
Chapter 3. Stabilization of Charge Carriers in Picket-Fence Polythiophenes Using Dielectric Side 
Chains  
The generation of charge carriers in π-conjugated polymers (CPs) upon ‘doping’ is the origin of 
intriguing properties such as electric conduction, 
electrochromism, and magnetism. However, it is difficult to 
analyze charge carriers because the charge carriers are 
two-dimensionally (2D) delocalized over the molecular 
orbital as a function of both intrachain conjugation and 
interchain interactions. Molecularly sheathed CPs, which are 
often referred to as insulated molecular wires (IMWs), have 
attracted increasing attention, because molecular design 
allows the isolation of charge carriers in the 1D electric 
conduction pathway.[4] In this chapter, we propose a new 
molecular design concept of IMWs, in which the sheaths can 
be customized. Herein, dielectric constant of sheaths is 
considered as a new structural parameter in insulated 
polythiophene wires. As shown in Scheme 3, we hypothesize 
that the nature of the charge carriers in IMWs can be 
modulated by changing the dielectric sheaths.  
We designed a new insulated polymer (P1): a 
polythiophene that is fenced by orthogonally equipped rigid 
“pickets”. We functionalized the picket with octyl and 
triethylene glycol chains, which have dielectric constants of 1.9 and 7.6, respectively.[5] P1 and P1-TEG 
(Scheme 4) were obtained via Yamamoto reductive coupling polymerization. Oligothiophenes up to the 
pentamer were synthesized in a stepwise manner through Stille coupling.  
 
Figure 3. (a) Absorption of CP4 (i), CP6 (ii), CP8 (iii), 
and P8 (iv). (b) Plot of absorption as a function of the 
strap length. (c) Plot of the dihedral angle of the 
bithiophene unit as a function of the strap length. 
 
Scheme 3. New molecular design concept  
 
 
Scheme 4. Structures of (a) oligomers (M11–M15) and 
polymer P1 and (b) polymer P1-TEG 
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Absorption spectra of M11–M15 measured in dichloromethane (DCM) solution are shown in Figure 4a. 
As the number of repeat units increases, the longer wavelength band maximum shifts bathochromically. 
Figure 4b shows the linear fit of the electronic transition energy determined from the absorption maximum 
vs. the inverse ring number (1/n’): E (eV) = 3.76/n’ + 1.93. The coefficient of the plot (3.76) is comparable to 
that of unsubstituted oligothiophenes (3.73) and those of 
other IMWs.[6] This result suggests that P1 was found to 
have completely well-developed conjugation. TD-DFT 
calculations using the DFT(M06-2X)/6-31G(d,p) method 
corroborated this result. The HOMO-LUMO transition 
energy was proportional to the inverse ring number, as 
described by the equation: E (eV) = 4.18/n’ + 2.09. This 
relationship is in agreement with the experimental results 
taking the approximate nature of the calculations into 
account. Absorption spectra of P1 and P1-TEG in solution 
and as films are compared in Figure 4c,d. The polymers 
showed identical spectra in solution and as films, which 
indicated that the poly(cyclopentadithiophene) backbone 
was completely isolated and that interchain π–π interaction 
was effectively prevented. 
Doping-induced absorption spectral changes were 
investigated for P1 in solution. Chemical oxidation of P1 
using antimony pentachloride (SbCl5) in DCM resulted in 
the bleaching of the neutral band (2.06 eV) and the 
concomitant appearance of absorption bands in the near 
infrared (NIR) region. As shown in Figures 5a-c, the 
spectral changes of P1 upon doping can be divided into 
three stages as indicated by the blue, green, and red regimes. 
In the early stage of doping (blue), the bleaching of the 
neutral band (2.06 eV) correlated linearly with the increase 
in absorbance at 1.15 eV with accompanying isosbestic 
points (Figure 5c), indicating polaron formation. Further 
doping caused a deviation of the isosbestic points and a 
hypsochromic shift of the polaron band (1.15 → 1.25 eV). 
Here, interchain interaction of the polarons (i.e., π-dimer 
formation) can be ruled out owing to the sheaths. Therefore, 
the hypsochromic shift observed in the second stage 
indicates the interaction of the two polarons in one polymer 
chain: namely, the formation of a polaron pair. The 
boundary between the first and second stages appeared at a 
doping level of 12.5%, which suggests that the polaron is 
delocalized over 8 thiophene units. Eventually, the two 
absorption bands in the NIR region changed into one broad band when the doping level reached 25% 
(Figure 5b). This spectral change indicates the transformation of the polaron pair to a bipolaron.[7]  
To investigate the stability of the doped states, films of P1 and P1-TEG doped with I2 vapor were left at 
 
Figure 4. (a) Absorption spectra of M11 (purple), M12 
(blue), M13 (green), M14 (orange), and M15 (red) in 
diluted DCM solution. (b) Plot of transition energy 
determined from the absorption maxima as a function of 
the inverse of the number of thiophenes in the oligomers 
(n’). Absorption spectra of (c) P1 and (d) P1-TEG in 
DCM solution (solid lines) and in the film state (lines 
with dots). 
 
 
Figure 5. (a) Absorption spectra of P1 upon oxidation 
with SbCl5 in diluted DCM solution. (b) Plots of 
absorbance difference at 1.15 eV (circles) and 2.06 eV 
(squares) as a function of doping level. (c) Plot of 
difference in absorbance at 1.15 eV as a function of that 
at 2.06 eV. Polaron, polaron pair, and bipolaron are 
predominant charge carriers in the blue, green, and red 
regimes, respectively. 
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ambient conditions, and the de-doping process was monitored using absorption spectroscopic method. As 
shown in Figure 6a,b, the P1 film was spontaneously de-doped, and the neutral state was recovered. In 
contrast, the polaron absorption band was observed even 
after 10 h for the P1-TEG film (Figures 6 a,b). We assert 
that a highly doped state can be stabilized by the polar 
sheaths owing to the charge screening effect. To further 
corroborate the stabilization of charge carriers in P1-TEG, 
we performed flash-photolysis time-resolved microwave 
conductivity (FP-TRMC) measurements.[8] This method 
allows the decay process of the photogenerated mobile 
charge carriers to be observed. As shown in Figure 6d, the 
decay of f∑µ in P1-TEG film was slower than that in the 
P1 film, indicating that photogenerated charge carriers have 
a longer lifetime in P1-TEG than in P1. The Langevin 
expression, krec = q(µe + µh)/ε0εr, describes the non-geminate 
bimolecular recombination rate constant as a function of 
charge carrier mobility and dielectric constant.[9] Given that 
µe << µh can be assumed under our measurement 
conditions and that the µh values of P1 and P1-TEG are 
similar, the difference in krec between P1 and P1-TEG should be governed solely by the difference in εr. As 
shown in Figure 6d, the half-lives of the charge carriers in P1 and P1-TEG were 0.71 and 4.2 µs, 
respectively. The difference in the half-lives is reasonably consistent with the difference in the εr values of 
the side chains (1.9 and 7.6 for octyl and TEG side chains, respectively). Thus, we conclude that the sheaths 
with higher dielectric constants can suppress charge recombination in IMWs owing to charge screening. 
 
Chapter 4. The Impact of Head-to-Head Defects on the Charge Carrier Mobility along Polythiophene 
Backbones 
The performance of various electronics is highly relied on the charge carrier mobility. The value of 
charge carrier mobility of CPs should be comparable to that of amorphous silicon. In the past decades, 
researchers have been mainly focused on increasing the regioregularity of CPs as it can enhance the 
crystallinity of the materials, thereby improving the charge carrier mobility. However, it has recently been 
reported that some poorly ordered films of CPs also exhibited high charge carrier mobility.[10] The given 
explanation for this phenomena is that the conduction primarily occurs along the conjugated polymer 
backbones even in the disordered film.[11] Thus, in this chapter, we designed and synthesized new 
thiophene-based polymers in which the structural defect was intentionally introduced to examine the the 
effect of regioregularity on the intra-wire charge carrier transport. (Scheme 6a) 
To investigate the effect of 1% structural defect along the chain, the degree of polymerization should be 
at least 100. Thus, we should synthesize polythiophene with 
high molecular weight; however, we would encounter the 
solubility issue. To this end, We first synthesized 
self-sheathed polythiophenes with different side chains 
(Scheme 5) and found that introduction of long linear alkyl 
sides chain rather than branched side chains endow 
insulated polythiophene wires with higher solubility, thus 
 
Figure 6. Absorption spectral changes of doped (a) P1 
and (b) P1-TEG observed during the de-doping process 
(0 ~ 6 hours). (c) Plots of the recovery of absorbance at 
2.1 eV (i.e., neutral band) of P1 (black) and P1-TEG 
(red) from the as-doped state over time. (d) Normalized 
TRMC transients of P1 (black) and P1-TEG (red). 
  
Scheme 5. Structure of self-threading polythiophenes: 
P2, P3, P4 and PSBT (reported previously [6b]) 
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achieving high molecular weight. The morphology of P4 (Mn = 50k Da) was investigated by AFM 
measurement using mica substrates. We prepared the 
specimen by spin-coating a highly diluted solution, in 
which aggregation of individual polymer chain was 
prevented. As shown in Figure 7, a single long P4 polymer 
chain was observed. The length and height of the single 
polymer chain were determined to be ~200 nm and ~2 nm, 
respectively.  
In view of the planar backbone and high molecular 
weight of P4, it can be a promising platform to investigate 
intra-wire charge carrier transport. We designed a new 
thiophene-based random copolymer in which structural 
defect can be intentionally incorporated. (Scheme 6b, 
self-threading bithiophene segment) Here, 
3,3’-dihexyl-2,2’-bithiophene (BT) is selected as the defect 
segment because it is known that the head-to-head 
connection is the structural defect in regioregular 
poly(3-hexylthiophene). BT was first functionalized with 
self-threading bithiophene monomer units via Kumada 
coupling. (Scheme 6b, defect segment). Random 
copolymers were synthesized as shown in Scheme 6; with 
self-threading bithiophene segment and the defect segment, 
defect copolymers with defect ratio of 0.0%, 0.96%, 2.27%, 
4.17%, 7.14%, 9.38%,12.50%, and 16.67% were obtained, 
where the defect segment was determined and quantified by 
1H-NMR measurement.  
Figure 8a shows the absorption spectra of defect 
polymers measured in diluted CHCl3 solution. Interestingly, 
as the defect ratio increases, the two absorption maxima, 
which represent transition energy E01 and E00, shifted 
hypsochromically. This spectral change indicates the 
decrease of the effective conjugation length; even 1% 
structural defect deteriorates the electronic property of 
polythiophene. Figure 8b shows the absorption spectra of 
defect polymers in the film state. The identical spectra 
observed in solution and in films indicated that the defect 
copolymer backbone were isolated and interchain π–π 
interaction was effectively prevented. With successful 
synthesis of long polythiophenes with controlled amount of structural defect, the mechanism of charge 
carrier transport will be investigated in future.  
 
 
 
 
 
Scheme 6. Structures of (a) defect copolymers and (b) 
self-threading bithiophene segment and defect segment. 
 
 
Figure 7. Trapping-mode AFM image of P4.  
 
 
Figure 8. Absorption spectra of defect copolymers 
(defect ratio: 0.0 % - 16.67 %) in (a) diluted CHCl3 
solution and (b) in the film state. 
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Chapter 5. Conclusion and Perspectives  
In conclusion, a series of thiophene-based conjugated polymers were successfully constructed. With the 
rational molecular design, the structural parameters such as dihedral angle, dielectric constant, and 
regioregularity were controlled and characterized, allowing to access clear structure-properties relationships 
of polythiopehnes. We have shown that (1) photophysical properties of polythiophene can be modulated by 
changing the dihedral angle; (2) charge carriers can be stabilized using sheaths with a high dielectric constant; 
(3) defect controlled self-threading polythiophene wires with large molecular weights were synthesized. 
Those findings not only improves the understanding on the nature of charge carriers, but also paves the way 
to new molecular design. 
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